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A B S T R A C T

Gas desorption and transport in coal matrix plays pivot roles to estimate in situ gas content, forecast gas pro-
duction from coalbed methane (CBM) wellbores, classify the gas/coal outburst proneness of coal seams and
estimate gas emission rate for active mine ventilation planning. Only using Fick’s law to depict methane
transport in coal matrix may result in an erroneous prediction because it uses only adsorbed phase gas to
calculate methane concentration gradient. In this study, a series of coal-methane ad/desorption experiments
were carried out under different pressure boundary conditions. Following this, an effort is made to propose a
semi-empirical desorption model describing the entire methane diffusion process and discuss its superiority and
applicability by comparing to various commonly used models. The proposed approach includes two different
theoretical models (Fick diffusion model, assuming concentration-difference transports gas; and Density model,
assuming density-difference transports gas), to model methane diffusion corresponding to the experimental
sections conducted in this study. Afterward a series of comparisons between the experimental desorption data
and two sets of simulated desorption data obtained by numerically calculating the two theoretical models were
conducted, and it shows that Density model exhibited a higher accuracy over Fick model. The proposed Density
model is more effective in describing the non-linear gas diffusion behavior in coal matrix for the experimentally
studied coals. Essentially, the Density model covers and promotes the Fick diffusion model, and is competent in
mathematically modeling both adsorbing gas and non-adsorbing gas transport behavior in porous media.
Moreover, the Density model can be directly incorporated to the existing dual-porosity model to model methane
migration in coal matrix in coal seam.

1. Introduction

Coalbed methane (CBM) is known as miners’ curse and mine ex-
plosion is one of the main coal mine disasters in coal mining history. In
recently years, CBM has emerged as one of the clean natural gas re-
source due to the successful extraction from both virgin coal and active
coal mines. Methane is also known as a stronger greenhouse gas, 21
times more potent than CO2 in terms of contributing to global warming
[1–4]. It is practically important to study methane transport behavior in
coal since it directly relates to: (a) determining gas content and gas
storage capacity [5]; (b) predicting methane emissions [6,7]; (c) eval-
uating coal-gas outburst prone potential [8]; (d) improving efficiency of
gas extraction [9], and (e) secondary enhanced-CBM recovery [10,11],
etc.

Significant efforts have been made to understand and characterize

methane transport in coal matrix. As a means to describe gas diffusion
process and methane emission behavior, various models both theore-
tical and empirical ones, have been proposed and studied for different
coals. Based on investigations of gas diffusion in zeolite sand, Barrer
proposed the classical diffusion model (unipore model) and a simplified
mathematical formula to estimate diffusion rate [12]. Nandi and
Walker studied coal-methane diffusion behavior and determined the
diffusion coefficient for the early stage of desorption process according
to the classical diffusion model [13,14]. Yang et al. derived the ana-
lytical solution of the classical model, and compared theoretical esti-
mated results with experimental data and found that the two are
roughly consistent [15]. Smith et al. found a relative large discrepancy
between theoretically estimated results and experimentally measured
data for the late stage of diffusion process [6]. Ruckenstein et al. pro-
posed a bidisperse diffusion model to better describe the diffusion
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process for bi-model coal pore structures and it was found that the
accuracy was improved by using bidisperse model [16]. Both Clarkson
et al. and Shi et al. presented an improved bidisperse diffusion model to
fit the experimental data of methane diffusion in bituminous coal
[10,17]. A simplified bidisperse diffusion model was proposed to re-
duce the computational complexity of the bidisperse model [9]. A
Fickian diffusion-relaxation model that split the diffusion process into a
primary and secondary stage was proposed in the light of the bidisperse
model [18]. Besides, some scholars introduced time-dependent or
pressure/concentration-dependent diffusion coefficient and combined
it with Fickian diffusion model to depict entire timescale desorption
process to acquire a good fit with the experimental desorption data
[19–23]. All mentioned models assumed that methane flow is con-
centration gradient driven transport and Fick’s Law is valid for mod-
eling gas diffusion through coal matrix.

The pore structure of coal matrix is complex and its size ranges from
angstrom (Å) to micrometers (μm) [24–28]. Because of this wide pore
size range, it is suspected that the gas transport in coal matrix only
involves Fick’s mass influx. Some scholars believe the gas transport in
coal matrix is a multi-mechanism process. Alley argued that applying
only Darcy's law can be practically effective to describe methane
transport in lump coals unless the coals have been subjected to ex-
cessive damages [29]. Shi et al. believed methane emission from coal
matrix is a combination of methane diffusion and methane seepage,
which one dominates the whole process of matrix gas release depends
on the specific coal pore structure [30]. Laboratory tests revealed that
the existence of two types of pores with coal matrix, a diffusion pore
controlling methane desorption and diffusion, and a permeation pore
dominating methane permeation [24,31,32]. The triple porosity/dual
permeability model, which assumes methane migration via desorption
and diffusion from micro-pores into meso/macro-pores and then fol-
lowed by the transports via Darcy flow within meso/macro-pores and
fractures, exhibits a better performance than the dual porosity/single
permeability model in terms of simulating CBM recovery [31–34]. Qin
et al. found the experimental data of coal-methane ad-/de-sorption
matches well with the simulated results of modeling methane emissions
from spherical coal particles with employing Darcy’s law, and suggested
that Darcy's law can be applied to describe methane migration in coal
matrix [35,36].

Besides these theoretical models aforementioned, empirical models,
as an easy, painless and rapid method to calculate gas desorption, also
were used in mining industry for field screening applications. So far, a
number of empirical models, such as Bolt model [37], Airey model
[29], BCTИHOB model [38], were proposed based on experimental
data or field data regression. These empirical models were used to es-
timate desorption amount or rate. Some models can accurately describe
the initial stage of desorption process, but fail to define in the whole
desorption process. Others can predict the final desorption amount, but
fail to match the desorption trend during desorption process. So few
models can be used for the entire desorption process. Moreover, most
empirical models are proposed for a single type of coal and their ex-
tension for other coal application is hard to justify.

Although the gas transport mechanism inside coal matrix has been
studied over a few decades, the fundamental mechanism still needs
further discussion and a uniform applicable methane transport frame-
work is required for field application. This study describes a series of
experiments on methane ad/desorption on coal matrix and conducts a
succession of simulations on coal-methane diffusion. This study aims at
making a contribution to the methane diffusion mechanisms and
mathematical description of coal-gas diffusion process in coal matrix.

2. Experimental

2.1. Coal sampling and preparation

Two coals were used in the experiments: a bituminous coal from

Yangcao coal mine in Northeast China and a sub-bituminous coal from
Xuanwei coal mine in the Southwest china. These two coal samples
were pulverized and sieved to the desired particle size, and the dis-
tribution intervals are shown in Table 1. In order to determine the
average size for samples with lager particle size such as YC1, XW1 and
XW2, the size of coal particles in three different directions are first
measured, and the average of the three value of length is considered as
the diameter of the particle, and then similarly we measured the par-
ticle diameter of 20 coal particles from the same coal sample and
computed the average value of 20 particle diameters, the average value
was taken as the average particle size of this coal sample. For the
particle size of the remaining samples were determined by averaging
the upper and lower limits of the size range. The average particle size of
all used samples is also listed in Table 1. For ad/desorption measure-
ments on dry coal, the coal samples were dried in the oven at 373 K for
24 h, which is a common approach to remove the moisture of coal in the
published literatures [7,10,39,40].

2.2. Experimental apparatus and procedures

The experimental apparatus used in this work includes the ad-/de-
sorption system, the temperature control system and the data acquisi-
tion system (DAS). The schematic of the experiment apparatus is shown
in Fig. 1. The ad-/de-sorption system mainly consists of a stainless-steel
reference tank, a stainless-steel sample tank, gas cylinders and con-
necting tube. To ensure a constant temperature in all experiments, the
tanks were placed into the isothermal oven within 0.1 K. Two high-
precision pressure transmitters are connected to the DAS to monitor the
pressure change in the sample tank and reference tank, and the pressure
data in every second was recorded during the tests.

Before starting the desorption process, the coal sample was initially
saturated with methane and waits until the adsorption equilibrium in
the sample tank for given pressure of methane. The equilibrium pres-
sure was monitored and recorded. And this pressure was termed as the
initial pressure for the desorption experiment. In this study four dif-
ferent initial pressures were used, 0.5, 1, 2, 4MPa, respectively. The gas
desorption was carried out under two different pressure boundary
conditions. One is constant atmospheric pressure boundary condition,

Table 1
Number and particle sizes (diameter) of coal samples.

Sample Number Particle size range (μm) Average particle size (μm)

YC sample YC1 4000–4750 4359
YC2 1000–1180 1090
YC3 425–550 487.5
YC4 250–270 260

XW sample XW1 42834–42967 42946
XW2 11600–13800 12760
XW3 3350–4000 3675
XW4 1180–1400 1290

Fig. 1. Schematic of experimental apparatus used for the ad/desorption experiments (p
stands for pressure gauge; V stands for needle valve).
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